Abstract
Understanding the energy use and GHG emissions implications of lignocellulosic ethanol requires 1 evaluation of alternative pre-treatment technologies and co-products within a consistent life cycle 2 framework. In this study, we compare three conversion pathways that are strong candidates for 3 commercialization (dilute acid, AFEX and autohydrolysis) and four potential co-products 4 (electricity, lignin pellets, xylitol and protein). A single lignocellulosic feedstock, corn stover, is 5 considered to facilitate comparison of the pre-treatment technologies and potential co-products. We 6 evaluate the energy and environmental consequences of these production decisions using a 7 consistent life cycle-based ("well-to-wheel") framework. Results of the evaluations can inform 
Methods

12
Life Cycle Assessment
13
Life cycle inventory analysis models are developed for the set of ethanol pathways described in 14   Table 1 . In each pathway, ethanol is the primary product and potential co-products include (e.g., recovery and processing of petroleum, generation of regional electricity, production of process 22 chemicals). The E85 pathways are compared with those of the gasoline vehicle reference pathway.
23
The life cycle inventory of the reference pathway includes oil recovery, refining, transportation of 24 gasoline and the combustion of gasoline in a light-duty vehicle.
26
Energy use in terms of total, fossil, and petroleum, as well as GHG emissions are examined. Total 27 energy use includes energy from both renewable (e.g., solar, wind, hydro) and non-renewable (e.g.,
28
coal, petroleum, nuclear) sources in addition to the renewable energy in the corn stover feedstock The system expansion approach for dealing with co-products of the biorefinery is utilized due to its for additional detail on co-product displacement. 
Feedstock Production and Transportation
14
Corn stover is selected as the feedstock due to its commercial interest in the USA and the case analysis corn stover is considered a by-product of corn production, and therefore impacts 21 associated with corn farming are not attributed to the stover. In sensitivity scenario analysis (Section 
25
Corn stover removal has been found in prior studies to reduce soil organic carbon (SOC) (e.g.,
26
Koschsiek and Knops, 2012); however, stover removal also has a counteracting effect of reducing Information (SI).
23
Three pre-treatment technologies and four co-products are combined to create nine pathways ( an on-site combined heat and power plant. For pathways with pellets as a co-product, the electricity 9 required by the biorefinery is imported from the grid and the steam is provided by utilizing natural 10 gas.
11
Product transportation, distribution and use
12
Ethanol is assumed to be blended with gasoline to produce E85 (83% (v/v) ethanol), which is 
Results and Discussion
1
Ethanol and co-product outputs produced from corn stover via each of the pathways are quantified pathways (308 L per dry t corn stover) when C6 and C5 sugars are utilized for ethanol fermentation.
7
The process ethanol yield is determined by the efficiency by which each technology converts yield by approximately 35% relative to co-production of electricity and pellets.
15
Electricity, lignin pellets, and protein are produced from non-fermentable components of 16 lignocellulosic biomass. Protein is extracted in sufficient purity to be used as animal feed, whereas 17 unconverted cellulose, hemicellulose and carbohydrates may supplement the lignin used to generate 18 electricity or "lignin" pellets.
19
Electricity and pellet production are thus generally dependent on ethanol yield. Lower ethanol yield 20 corresponds to a greater amount of "residual" biomass being available for on-site electricity 21 generation or pellet production. The amount of net electricity co-product is reduced as the 22 biorefinery's electricity requirements increase. In other words, if the biorefinery process is more 23 energy intensive, it will consume a higher proportion of the electricity (or thermal energy) that is 24 generated from the biomass residues. Among the cases studied, the biorefinery consumes 37% to 25 56% of the total electricity generated. The co-product electricity is assumed to be exported to the 26 local grid. The largest amount of net electricity co-product output (218 GWh/y) is produced via the 27 AFEX pathway with electricity as its sole co-product (AXEL), due to the relatively low ethanol yield 28 of the AFEX process, the absence of any other co-production processes, and lower energy demands 29 for pre-treatment compared to autohydrolysis and dilute acid pathways. In contrast, the smallest and reduces the overall GHG emissions. The co-product credit is allocated over a relatively smaller 1 output of ethanol, due to the diversion of xylose to xylitol co-production. This result, however, does 2 not indicate a GHG advantage to producing xylitol as a co-product at the expense of ethanol yield.
3
Taking into account both the well-to-wheel GHG emissions intensity of E85 relative to gasoline 4 (g/MJ) and the total E85 output (MJ E85/y) reveals that the autohydrolysis pathway with co-5 product electricity (AHEL) reduces total GHG emissions by 0.30 million t CO2eq/y, compared to 6 0.24 million t CO2eq/y for the same amount of biomass processed using the autohydrolysis pathway 7 with xylitol and electricity as co-products (AHXE). Production of xylitol demands more input energy to the process than production of protein ( Figure   22 3). To produce xylitol and electricity as co-products of the autohydrolysis pathway (AHXE), a 22% 23 increase in net total energy is required compared to autohydrolysis with electricity as the sole co-24 product (AHEL). In contrast, to produce protein and electricity as co-products of the AFEX 25 pathway (AXPR), only a 9% increase in net total energy is required compared to that required for
26
AFEX with electricity as the sole co-product (AXEL). is blended with the ethanol produced in each pathway to make E85.
9
Differences among fossil energy inputs for the E85 pathways are due primarily to process energy 10 sources assumed to be utilized at the biorefinery. All biorefinery scenarios with electricity as a co-11 product are energy self-sufficient due to the electricity and steam generated from combustion of Pellets, AHXE = AH
